Previous studies have shown lipopolysaccharide from Gram-negative bacteria is cleared from the circulation via LDL receptors on hepatocytes, which are downregulated by PCSK9. Whether clearance of Gram positive bacterial lipoteichoic acid (LTA) shows similar dependence on PCSK9, and whether this is clinically relevant in Gram positive human sepsis, is unknown. We examined survival data from three cohorts of patients who had Gram positive septic shock (n = 170, n = 130, and n = 59) and found that patients who carried a PCSK9 loss-of-function (LOF) allele had significantly higher 28-day survival (73.8%) than those with no LOF alleles (52.8%) (p = 0.000038). Plasma clearance of LTA was also found to be increased in PCSK9 knockout mice compared to wildtype control mice (p = 0.002). In addition, hepatocytes pre-treated with recombinant wildtype PCSK9 showed a dose-dependent decrease in uptake of fluorescently-labeled LTA (p < 0.01). In comparison to wildtype PCSK9, hepatocytes pretreated with 3 different LOF variants of recombinant PCSK9 showed an increase in LTA uptake. This study shows the clearance of LTA follows a similar route as lipopolysaccharide, which is dependent on hepatic LDL receptors. This has important implications in health as strategies aimed at inhibiting PCSK9 function may be an effective treatment option for both Gram-positive and negative sepsis.
In view of the similarities between LTA and LPS molecular structure and their similar transport via lipoproteins, we postulated that PCSK9 affects the outcome of Gram positive sepsis in humans by regulating the clearance of LTA through the hepatic LDL receptor pathway. We first addressed this hypothesis by determining whether PCSK9 LOF genotype was associated with improved outcomes in patients who had Gram positive septic shock and, further, whether this benefit was eliminated in the subset of patients who also carried an LDL receptor genetic variant that would render the LDL receptor insensitive to PCSK9 regulation. We then sought to determine whether clearance of LTA via the LDL receptor pathway 10 could account for this finding.
Results
Clinical outcomes in septic shock cohorts. PCSK9 reduces the clearance of LPS from the circulation via the LDL receptor 7 and patients with PCSK9 LOF variants have improved outcomes in sepsis 8 . Gram positive bacteria, however, do not contain LPS. To determine whether PCSK9 LOF genotypes would confer improved survival in patients with Gram positive sepsis, we examined patients with culture positive Gram positive sepsis from three independent septic shock cohorts; cohort 1 n = 170 12 , cohort 2 n = 130 13 , and cohort 3 n = 59. Baseline characteristics are shown in Table 1 . Patients who carried a PCSK9 LOF allele had significantly higher 28-day survival (73.8%) than those with no LOF alleles (52.8% survival, p = 0.000038) (Fig. 1A) . All three cohorts were combined in a secondary logistic regression analysis adjusted for age, sex, medical versus surgical diagnosis, and ancestry (Caucasian or not) (Fig. 1B) . PCSK9 LOF was associated with significantly increased 28-day survival (Odds ratio of mortality for PCSK9 LOF 0.406, 95% CI 0.257-0.639, p < 0.0001). Survival decreased with age (p = 0.003), but did not differ by sex (p = 0.99), by medical versus surgical diagnosis (p = 0.143), or by ancestry (p = 0.139).
We repeated this analysis for patients with only Gram positive infection, excluding patients who had mixed infections (baseline characteristics Table 1 , bottom panel). Patients who carried a PCSK9 LOF allele (n = 130) had significantly greater survival over 28 days (76.9%) compared to patients who did not carry a LOF allele (n = 137) with a 28 day survival of 54.0% (p < 0.0001) (Fig. 1C) . In the adjusted logistic regression analysis PCSK9 LOF remained associated with increased 28 day survival (odds ratio of mortality 0.326, 95% CI 0.181-0.586, p = 0.00018). A further secondary analysis was restricted to those patients who met the Sepsis-3 definition of septic shock (lactate >2, n = 154). PCSK9 LOF was again associated with increased 28-day survival (p = 0.000072). PCSK9 LOF remained significantly associated with increased survival for different Gram positive infection including lung sources (p = 0.004, n = 189) and extrapulmonary sources (p = 0.003, n = 170).
For culture-negative septic shock (no Gram positives, no Gram negatives, no fungi) there was no statistically significant difference in 28-day survival by PCSK9 genotype (survival PCSK9 wildtype 63.7%, n = 388, PCSK9 LOF 68.9%, n = 325, p = 0.13). In addition, cohort 2 included critically ill patients who were not septic. These patients were genotyped for a PCSK9 haplotype tag SNP rs644000; the minor allele tags PCSK9 haplotypes containing LOF SNPs (Online supplement). PCSK9 LOF was not associated with different outcome in these patients (Fig. 1D) .
In addition to improved overall survival, Gram positive septic shock patients who carried a PCSK9 LOF allele had a statistically significantly greater median days alive and free of cardiovascular (p = 0.001), respiratory (p = 0.025), renal (p < 0.001), hematologic (p = 0.004), hepatic (p = 0.002) and neurologic dysfunction (p = 0.005) ( Table 2 ). Patients with a PCSK9 LOF allele also had more days alive and free of vasopressors (p = 0.003), mechanical ventilation (p = 0.016) and renal replacement therapy (p < 0.001) ( Table 2) .
To test for evidence of involvement of the LDL receptor in survival and PCSK9 genotype effects, as previously reported 8 , we repeated the primary survival analysis in patients from cohort 1 who had LDL receptor rs688 genotyped and were homozygous for the minor allele, a variant that renders the LDL receptor unresponsive to PCSK9. Survival curves for patients with and without PCSK9 LOF were now indistinguishable (p = 0.96, Supplemental Fig. 1 ) and all the benefit of PCSK9 LOF was confined to patients who carried at least one functional allele of rs688 (p = 0.023). These data are consistent with involvement of the LDL receptor in the PCSK9 effect. −/− -mice had 33% lower plasma BODIPY-FL-LTA fluorescence as compared to wildtype litter-mates (3.1 × 10 7 versus 2.0 × 10 7 , p = 0.002), indicating increased plasma clearance of LTA in Pcsk9 −/− mice (Supplemental Fig. 2 ). This suggests that decreased PCSK9 function enhances plasma clearance of LTA through an increase in hepatocellular uptake.
Uptake of LTA by hepatocytes.
Previous studies have demonstrated the ability of LTA to bind to lipoproteins 9 , we therefore compared the cellular uptake of fluorescently labeled LTA in the presence of PCSK9. PCSK9 dose-dependently decreased the uptake of LTA by HepG2 hepatocytes with over 30% reduction in uptake at 10 μg/mL of PCSK9 ( Fig. 2A) (p < 0.01). In contrast, cells treated with the PCSK9 LOF variants rs11583680 (A53V) and rs11591147 (R46L), and rs562556 (V474I) showed an increase in the uptake of the fluorescently labeled LTA when compared to the wildtype ( We examined cellular uptake of the BODIPY-FL-LTA using confocal microscopy. Cells were pre-treated with 10 μg/mL of either recombinant wildtype PCSK9 or LOF variants of PCSK9 followed by a continuous treatment with BODIPY-FL-LTA for 4 hours. Confocal images correlated with the flow cytomety data as cells treated with the PCSK9 LOF variants clearly showed higher cellular uptake than wildtype PCSK9 (Fig. 3 ). In addition, the punctate staining pattern of LTA suggests the LTA were localized within endocytic compartments. Thus increased hepatocellular uptake of LTA occurs in the presence of the PCSK9 LOF variants as compared to the wildtype. www.nature.com/scientificreports www.nature.com/scientificreports/
Discussion
We found that patients with one or more PCSK9 LOF alleles have better outcomes from Gram positive sepsis which may be explained, in part, by our observation that hepatocytes treated with LOF variants of recombinant PCSK9 have increased uptake of LTA in vitro compared to cells treated with wild-type PCSK9. Our results support, but do not prove, the hypothesis that LTA is cleared from the circulation through the hepatic LDL receptor pathway which is negatively regulated by PCSK9, similar to the clearance of LPS from Gram negative bacteria.
Gram positive organisms, which lack LPS in their membrane, are responsible for as many as half of the incidents of sepsis in intensive care units [14] [15] [16] . LTA from Gram positive bacteria triggers the innate immune response through activation of Toll-like receptors, including TLR2 [17] [18] [19] [20] [21] . LTA is structurally similar to LPS from Gram negative bacteria and both pathogen lipids have been shown to bind to various lipoproteins in the circulation 5, 6, 9, 22 . Binding of LTA to lipoproteins has been shown to reduce its ability to activate macrophages 23 . However, it is unknown whether LTA from Gram positive bacteria follows the same clearance pathway as LPS.
We found that LTA uptake by hepatocytes is dose-dependently reduced by PCSK9. PCSK9 LOF variants result in greater LTA uptake by hepatocytes, compared to wildtype PCSK9 at the same concentrations. The same PCSK9 LOF variants in human sepsis are associated with increased survival and decreased organ dysfunction. Supporting this in vitro observation, Pcsk9 −/− mice also showed enhanced plasma clearance of intravenously administered LTA. Finally, in patients who carry an LDL receptor genetic variant that is unresponsive to PCSK9, there is no observed benefit of PCSK9 LOF. These results support the hypothesis that LTA is cleared from circulation through the hepatic LDL receptor pathway which is negatively regulated by PCSK9.
This study, along with previous work 8 , suggests that decreased PCSK9 function is associated with improved clinical outcomes, possibly by promoting the hepatic clearance of both LTA and LPS through the upregulation of hepatic LDL receptors. Thus, if PCSK9 inhibition had a similar beneficial effect on clinical outcomes as PCSK9 LOF genotype, it may not be necessary to identify the causative organism as Gram positive or Gram negative when considering PCSK9 inhibition as a novel early intervention for sepsis. Both Gram positive and Gram negative sepsis have similar clinical presentations and the identification of the causative organism often requires 24 to 48 hours.
Numerous approaches to inhibit PCSK9 have been developed for the treatment of hypercholesterolemia, including anti-PCSK9 monoclonal antibodies 24, 25 , small peptide inhibitors of PCSK9 26, 27 , and small interfering RNA 28, 29 . Monoclonal antibodies against PCSK9 which were developed for the treatment of familial hypercholesterolemia have been shown to decrease free PCSK9 levels in the plasma almost immediately along with a significant drop in plasma LDL-cholesterol levels as early as 1 day after administration 25 . They work by allosterically blocking the site of interaction between PCSK9 and LDL receptor. One or more of the above approaches could prove beneficial in future trials in sepsis due to Gram negative 8 or Gram positive infection. Our study has a number of limitations. Patients with Gram positive sepsis also have circulating endotoxin and it has been demonstrated that high levels of endotoxins in the circulation can be detected in patients without Gram-negative bacteremia 30, 31 . The permeability of intestinal tight junctions is decreased in many types of sepsis, which may cause additional increases of endotoxin into the blood stream 32, 33 . In addition, antibiotics can accelerate the release of endotoxin into circulation 34, 35 . Thus, it is possible that some of the observed benefit may be related to increased clearance of Gram-negative endotoxin; not all of the benefit relates to increased clearance of LTA. We addressed this concern by genotyping culture negative septic patients who similarly have increased circulating endotoxin levels. PCSK9 LOF had no effect in these patients supporting the conclusion that increased clearance of LTA plays a significant role in explaining improved clinical outcome in patients with PCSK9 LOF www.nature.com/scientificreports www.nature.com/scientificreports/ genotypes. Alternatively, some culture negative infections may have been viral and therefore did not have the same burden of pathogen lipids to be cleared via a PCSK9-sensitive pathway. In addition to LTA, the cell wall of the Gram positive bacteria contains other potent TLR2 agonists, including peptidoglycan and other bacterial lipoproteins 15 . It would be interesting to extend the current study to include these Gram positive bacterial cell wall components to examine whether their clearance is similarly dependent on the LDL receptor and PCSK9 and therefore contributing to the improved survival observed in PCSK9 LOF patients. Other potential explanations for our results include the possibility that PCSK9 LOF has other effects. For example, in cecal ligation and puncture models of murine sepsis both Pcsk9 knockout and treatment of mice with PCSK9 antibody reduced measures of bacterial load 8, 36 . Thus, PCSK9 may have additional effects related to bacterial killing. There are also evidence PCSK9 may enhance the infectivity of Hepatitis C Virus 37 and increase the pro-inflammatory response of macrophages 38 . Therefore, it cannot be excluded that reduced circulating PCSK9 levels may have a favourable impact on bacterial sepsis outcomes, independent from pathogen lipid clearance 39 . Our results were limited to septic shock patients, possibly because the burden of pathogen lipids was higher than in less severe sepsis.
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In summary we found that PCSK9 LOF was associated with increased survival and decreased organ dysfunction in patients with Gram positive septic shock. The clearance of LTA from the systemic circulation appears to follow a similar route as LPS and the uptake of Gram positive bacterial LTA by hepatocytes is inhibited by PCSK9. This may be the explanation for the improved clinical outcomes that we observed in patients with PCSK9 LOF variants. PCSK9 inhibition should be assessed in sepsis trials of patients who have Gram positive or Gram negative infection. www.nature.com/scientificreports www.nature.com/scientificreports/ non-septic critically ill patients who are used in this study as a control cohort. Inclusion criteria and human genotyping are described elsewhere and in the online supplement 12, 40 . Gram positive infection was defined as Gram positive organisms growing within 5 days of inclusion from cultures which were judged by the physicians to be a clinically significant infection. We included patients who had Gram positive infection even if they also had positive cultures for Gram negative or fungal organisms.
Methods
We genotyped the most common PCSK9 missense LOF variants (minor allele frequency, ≥0.5%), rs11591147 (R46L), rs11583680 (A53V) and rs562556 (G670E), the Gain-Of-Function SNP rs505151, and the LDL Receptor SNP rs688. Patients were categorized as LOF if they carried one or more minor alleles of any of the 3 PCSK9 LOF SNPs and no copies of the minor allele of the Gain-Of-Function SNP.
Ethics. The research ethics board of the University of British Columbia and St. Paul's Hospital approved this study (H02-50076) and research ethics boards of all 27 participating institutions approved the VASST trial and written informed consent was obtained from all patients or their authorized representatives. All human studies were carried out in accordance with the approved guidelines. All animal studies were approved by the University of British Columbia animal ethics committee and conformed to the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Plasma clearance of LTA in animal models. Pcsk9 knockout mice and wildtype litter-mate controls (n = 24, males and females, 20-30 weeks old,) were injected intravenously via the tail vein with BODIPY-LTA at 0.3 mg/kg. At 6 hours after LTA treatment, blood was collected by cardiac puncture and relative levels of BODIPY-FL-LTA in plasma were determined by measuring its fluorescence at λ ex/em = 500/525 nm using the Spectramax i3 fluorescent plate reader. www.nature.com/scientificreports www.nature.com/scientificreports/ Flow cytometry. HepG2 hepatocytes were seeded into a 24-well plate and grown to 80% confluence in DMEM supplemented with 20% human plasma from pooled healthy donors. Cells were pre-treated with recombinant wild-type human PCSK9, or various loss-of-function PCSK9 variants for 2 h prior to treatment with BODIPY-labeled LTA. The cells were collected, washed and analysed via flow cytometry (GalliosTM Flow Cytometer, Beckman Coulter, Brea, CA) after 24 hrs of treatment. Cells were gated via forward and side scatter for viability using previously determined parameters. Autofluorescence of untreated cells was subtracted to determine the fluorescence level resulting from the uptake of the LTA conjugate. Data processing was performed using Kaluza Analysis 1.3 software (Beckman Coulter, Brea, CA).
Confocal microscopy. HepG2 hepatocytes seeded onto coverslips were first pre-treated with 10 μg/mL of either wild-type or loss-of-function variants of human PCSK9 corresponding to the patient LOF genotypes (see above) for 4 hrs followed by treatments with BODIPY-labeled LTA for 4 hrs. The culture medium for the duration of the experiment was DMEM supplemented with 10% fetal bovine serum. Cells were fixed with 4% paraformaldehyde and examined with confocal microscopy (Zeiss LSM 880). Fluorochromes were excited at 405 nm (Hoescht 33342) and 488 nm (BODIPY-FL) and images were collected with a 62x oil-immersion objective lens.
Statistical analysis. For human septic shock our primary analysis of 28-day survival used a log rank test. A secondary analysis, to adjust for the influence of confounding, used logistic regression to examine 28-day survival by PCSK9 genotype, including the covariates of age, gender, medical versus surgical diagnosis, and Caucasian ancestry in the statistical model. A secondary analysis included only those patients with only Gram positive infection, excluding patients who had mixed infections. We tested for differences in days alive and free of organ dysfunction using a non-parametric Mann-Whitney U test. We tested for differences in LTA clearance in male and female mice using ANOVA stratified by sex. We used analysis of variance to test for differences PCSK9 effect over a dose range in vitro using ANOVA. We used SPSS (version 23, IBM) for all analyses and considered p < 0.05 to be statistically significant.
